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TECHNICAL MEMORANDUM
RESULTS OF THE TECHNICAL EXCHANGE AGREEMENT BETWEEN
NASA AND DuPONT ON THE CONTAINERLESS DROP TUBE
SOLIDIFICATION OF NiA13
INTRODUCTION
The purpose of this report is to describe the results obtained by experiments
on the drop tube solidification of NiAl 3 . This work results from a new approach by
NASA for introducing industry to the materials processing in space program [1).  In
January 1982 a technical exchange agreement between NASA and E. 1. DuPont de
Nemours was signed, officially initiating the research.
Ni-Al alloys rich in Al are Raney catalyst materials. In gLT.eral Raney alloys
consist of two metallic components. One is the dispersed catalytically-active transi-
tion metal component and can be any one of a number of the non-noble or noble
transition metals (Rh, Ni, Pt, etc.). A matrix component such as Al, Si, Zn, or
Mg constitutes the second phase. The matrix component is selected such that it is
susceptible to chemical dissolution by either acid or alkaline leaching. With the NiA13
catalysts, upon reacting with caustic aqueous solution, the Al atoms preferentially
leach out of the alloy leaving behind an ultrahigh, surface-area-active Ni sponge.
This sponge is catalytically active and is used for a number of chemical reactions such
as the methanation of hydrogen and carbon monoxide to methane and water [2],  the
steam re-formation of hydrocarbons, and hydrogenation reactions [3-6].
The objective of the work was to containerlessly solidify samples of an Ni-Al
alloy with a composition close to that of the compound NiA1 3 . It has been demonstrated
that the NiA1 3 eta phase is catalytically the most active component of a Raney-type
alloy [2,71  such that the overall activity of Raney Ni depends mainly on the NiA13
phase content of the alloy [3].  The desired result was the formation of a high per-
centage of the NiAl 3
 compound with minimal amounts of the other surrounding com-
pounds Ni 2A1 3 (delta phase) and Al solid solution.
The present study was undertaken in order to investigate the possibility of
undercooling Al-Ni alloys well below the liquidus in order to produce a single phase
peritectic structure by eontainerless drop tube solidification. Containerless process-
ing is a technique for both high purity contamination free studies, as well as for
investigating the undercooling of alloys.
In order to achieve large undercoolings one must avoid nucleation of crystalliza-
tion. Nucleation can proceed by one of two processes. Homogeneous nucleation is
that nucleation of crystal phases that occurs due to the statistical fluctuation of
nuclei until nuclei of a critical size are formed that are stable and grow. Hetero-
geneous nucleation, on the other hand, results from the catalysis of crystal growth
by the presence of solid surfaces that lower the surface free energy term permitting
a smaller critical nucleus radius to be stable. In normal processing techniques, the
melt solidifies in contact with a crucible or container and is susceptible to
.
heterogeneous nucleation. Presumably with containerless solidiftcation in a drop tube,
the crucible is eliminated and heterogeneous nucleation is minimized, permitting
larger undercoolings than are possible with traditional techniques.
Initial estimates of homogeneous nucleation rates by Turnbull and Cech [ 8]
indicated that at undercoolings of about 0.2 of the absolute melting temperature, Tm,
homogeneous nucleation would predominate limiting further undercooling. More recent
investigations of fine dispersions of low melting alloys have shown that undercoolings
of 0.3 Tm are common and some metals such as Ga may be undercooled to about
0.5 Tm prior to spontaneous nucleation [9].
Containerless melting and solidification of metals in free fall have been shown
to be an effective means of achieving large undercoolings and unique dcrostructures.
Lacy et al. [ 10] and Robinson [ 11] achieved undercoolings of 5000 and 525°C for
Nb-Ge and Nb, respectively. Utilizing containerless solidification during free fall
down a drop tube, a superconducting metastable peritectic phase in the Nb-Ge system
has been formed. In other studies, molten droplets of Pd-Si-Cu were containerlessly
solidified in free fall down the drop tube to form bulk amorphous spheres [121.
The Marshall Space flight Center drop tubes are unique facilities for container-
less processing experiments. It was intended that the molten droplets that were
formed would experience containerless solidification as they fell down the drop tube.
It was hoped that when they solidified, the temperature would be below the peritectic
temperature and the samples would solidify predominantly to the desired peritectic
phase NiA1 3 . Based on these results it seemed that the undercoolings of NiA1 3 as
molten droplets in free fall down the MSFC drop tube might be possible.
EXPERIMENTAL PROCEDURE
The desired result in these experiments was to produce molten droplets about
0.5 and 2 mm in diameter that would freely drop from the crucible and fall down the
drop tube. A laboratory vacuum system and bell jar were used to test the melting
and droplet formation process. For these experiments molten samples were dropped
into diffusion vacuum pump oil after falling about 3 ft. These experiments were used
to test the dripper assembly and for comparison with the containerless solidified
samples. When successful drops were verified in the laboratory, the furnace was
transferred to the 100-ft drop tube at the Marshall Space Flight Center to process
a number of samples in free fall (Fig. 1). This facility consists of a 6-in.-diameter
stainless steel vertical tube about 100 ft long with a bell jar assembly connected to
the top (Fig. 2) and a removable sample catcher at the bottom (Fig. 3) . Two pump-
ing stations, each consisting of a mechanical roughing pump and a turbomolecular
vacuum pump, are located at the top and bottom. The drop tube is instrumented
with vacuum gauges and temperature measuring sensors through a Hewlett Packard
9835 microcomputer.
Two types of furnaces were used to melt the samples inside the drop tube bell
jar. The first is a transparent furnace [Johnson, 1982, NASA/MSFC, personal com-
munication] . It has a simple design, consisting of a refractory metal heating coil
wound around a tube of fused silica (quartz) or alumina (Figs. 4 and 5) . Two types
of heating element wire were used in the furnace, Pt and W-261te. The crucible was
situated inside the tube, and the coil was wound around the outside. The fused
silica tubes were provided with small mounds of fused silica attached to the outside
of the quartz tube to keep the heating element coils separated (Fig. 6). For other
tests, the heating coil was placed on an alumina tube, and a high purity alumina
refractory cement was used to coat the coil to keep it positioned. The heating ele-
ment leads were positioned so that they extended out through another fused silica
tube that served as a thermal radiation shield. This tube was partially dated with a
high temperature fusablo ceramic gold overglaze. The tubes were held together with
endcaps made of a castable ceramic refractory. Clamping of the element leads held
the furnace in place (Fig. 7) .
We experienced frequent breaking of the Pt coils, and they quickly became so
embrittled that they were unusable. This is due to the high temperature crystal
growth of Pt. When we realized that this was happening we started using W-26Re
wire for the heating element. Subsequent experiments with :. pis heating element
material were much more productive.
The second type of furnace [Aldrich, 1982, NASA/MSFC, personal communica-
tion) (Figs. 8 and 9) used in this study consists of a W-26Re heating element coiled
around an alumina tube and embedded in an alumina cement. This isothermal furnace
is open on the bottom to permit the samp).es to drop through the furnace, and a
mirror is provided to observe the droplets that form. The furnace has Mo foil radia-
tion shielding to reflect thermal radiation and is water-cooled. For both furnaces a
pneumatic line is run through the top of the furnace and connected to the ceramic
crucible.
Several different sample crucible configurations were used to contain the molten
alloy prior to dripping down the drop tube (Fig. 10) . The first crucible type con-
sisted of alumina tubes 7 mm od and 4.5 mm id with one end sealed. A carbon
dioxide, laser-drilled orifice 0.3 mm in diameter was burnt in the sealed bottom.
Upon dropping samples, we discovered that the molten droplets were too large to
solidify in the 2.4 s available with the 100-ft drop tube. The large size droplets
resulted because the molten metal wetted the bottom of the crucible. We made several
modifications in an attempt to form smaller droplets. One approach was to coat the
crucible tip with graphite in an organic slurry. The crucible was then dried at
4000C. It was thought that the surface tension of the graphite would help prevent
the droplets from adhering to the crucible. This did not work; the droplets con-
tinued to wet the crucible forming large droplets that splatted upon reaching the
bottom. Another approach was to attach a 2-mm-diameter alumina rod to the end of
the crucible. This was sometimes useful for forming smaller droplets. If the droplet
of molten alloy flowed out of the orifice and wetted the rod, then it would run down
the rod and drip from the much smaller end of the .rod. One other approach was
tried. A hole 1.5 mm in diameter was drilled in the bottom of the crucibles, and a
hollow alumina tube 1.5 mm od and 0.5 mm id was inserted into the hole and cemented
in place with a refractory cement. Although the small diameter tube very frequently
clogged, we were able to eventually produce a number- of droplets from 0.5 to 3 mm
in diameter.
Quartz capillary tubes were also investigated. Although fused silica tubes are
useful for certain alloys, they could not be used with NiAl 3 . In all cases the molten
metal reacted quickly with the silica sealing the orifice.
A sample of either the prealloyed powder of nominal 25% Ni-75% Al composition
(in atomic %) or the containerlessly prewelted slug was placed into the crucible. A
range of powder weights from 0.1 to 1 g of the alloy was use! • The orifice diameter
of 0.3 mm was chosen since a+ was the largest diameter•
 hole that would not let the
metal powder pour out.
In other experiments the NiA1 3 samples were charged Into the crucibles as pre-
melted pellets. An alumina rod (0.25 in. diameter) and aluminum the assembly was
constructed to press the powder. About 0.3 g of powder was weighed and poured
into the press. A Carver press was used to supply a load of about 2000 lb. This
was about the maximum load that could be applied with the alumina assembly. The
pressing pressure calculates to be about 10,200 psi. The pressed pellet was levita-
tion-melted with a laboratory electromagnetic levitation (EM) furnace in a vacuum
chamber (Fig. 11) that was pumped to a vacuum of about 1 Torr and backfilled to
about 100 Torr with Ar. Figure 12 illustrates the thermal history of one of these
samples. As the sample was levitation-melted, one could see islands of impurities
on the surface of the molten sample. These impurities appeared dark when compared
with the molten metal. With repeated melth,.g and quenching with a jet of H2_5%  Hf.
gas, the impurities seemed to coalesce together so that there were large patches of
impurities after an hour or two of melting. This sample happened to produce one of
the most successful drops. Upon removal of the samples from the EM levitator, it
was found that the surface impurities formed a loose powder that was easily removed
from the sample by light brushing. Other oxides were much more tightly bound to
the surface. It happened that nearly all of the surface contamination resided on the
bottom third of the sample. This portion was removed by sawing the sample with a
diamond waffering saw. Each electromagnetic induction levitation-melted sample was
sliced into parts for use in several drop tube runs.
One other approach was taken in order to attempt to remove surface oxides from
the premelted samples. A few samples of powder were melted under a flux with a
composition of 40% NaCl, 40% KCI, 10% A1F 3 , and 10% Na 3A1F 3 on a weight basis (melt-
ing point of 650°C) . Preme:ied slugs were also pretreated with molten flux. Instead
of cleaning the surface, the flux made the surface very black. The powders also did
not seem to consolidate and the drop tube runs were unsuccessful.
The furnace assembly was mounted inside the bell jar on top of the drop tube
and the sample processing initiated. The first time each furnace was used it was
outgassed by heating to about 1000°C. During the outgassing of the Aldrich furnace,
we typically saw the vacuum in the drop tube bell jar rise from about 2 x 10 5 to
1.2 x 1074 at the higher baksout temperatures. This rise in vacuum occurred while
the turbomolecular pumps wee running.
Prior to each drop tube run, the entire bell jar drop tube assembly was evacu-
ated to about 1 x 10 4 Torr and backfilled to about 300 Torr with a dry He-5$ H gas
mixture about three times. An estimate of the leak rate of the drop tube was obtained
by pumping down to 2 x 10 -4 , turning the vacuum pumps off and watching the rise in
pressure. After about 30 s the pressure rose to 5 x 10 4 . After the final pumpdown
the drop tube was backfilled to slightly greater than atmospheric pressure for the
experiment. The furnace was then heated at a rate of about 100 OC /o to a final
temperature of 1450°C to melt the alloy. After a 10- to 15-min soak at temperature,
the pressure behind the ceramic crucible was slowly increased. For successful runs
a difference in pressure between the bell jar and the crucible of 60 mm resulted in
samples being squeezed out of the orifice in the bottom of the crucible. The samples
then dropped from the crucible and were removed from the catcher at the bottom of
the drop tube. In those cases when drops did not come out of the crucible, a back-
pressure es high as 30 psi would not eject sample from the crucible.
.a
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The drop tube has a photovoltaic detector mounted in the drop tube just under
the bell jar (Fig. 13). Whenever drops were observed the detector was activated toJ^
record a signal that was proportional to the brightness of the sample. The signal
naturally decreases in intensity as the sample falls away from the detector and cools.
If solidification is rapid enough and the heat liberated by the latent heat of fusion is
sufficiently large, then a peak is observed in the intensity versus time signal from
the detector. From the time of recalescence, the sample temperature can be estimates,
using a mathematical model and computer program designed to calculate the cooling of
falling spheres due to combined convective and radiative cooling [13).
Some samples were examined with a JEOL U3 scanning electron microscope at
10 kV with Kevex Energy Dispursive X =Ray Analysis (EDXA) . Other samples were
sliced with a diamond waffering saw and mounted for light microscopy. They were
polished through a series of SiC papers followed by 0.3 and 0 . 5 um alumina powder.
The polishing was done in alcohol to prevent the etching of the Al-rich phases. The
samples were etched with water. A Carl Zeiss microscope was used to take light
micrographs.
RESULTS
The results from the drop tube runs with the NiA1 3
 samples are summarized in
Table 1. This table gives a description of each of the drop tube experiments includ-
ing the form in which the initial sample was prior to processing, the experimental
parameters. the particular furnace ar .d crucible used, the weight of the sample, and
a comment on the results. It was often difficult to consolidate the molten alloy drop-
lets due to the Al ,.xide dross on the surface of each of the NiA1 3 particles in the
powder. The oxide r`tin on each particle apparently kept the molten droplets from
wetting one another ai d prevented consolidation of the molten particles in a large
number of drop tube rains. Figure 15 is a scanning electron micrograph of one of
these samples that die. not consolidate. The size of the particles in Figure i4 is
roughly the same as the features in Figure 15, indicating that the features in Figure
15 are artifacts from the original surface scale. Heating to temperatures in excess of
1500°C in the reducing environment of the 5% H gas often did not seem to aid the
consolidation. Application of a large backpressure (30 psi) behind the crucible was
effective in only a few sample runs, permitting the formation of 0.5- to 4-mm diameter
spheres.
Sample runs using electromagnetic levitation-melt-4d starting samples were much
more successful in producing drops than were the powdered samples. Prior to the
:irop tube melting, the individual particle surface films were consolidated and could
be removed from the surface of the samples. Several of the most successful runs
were achieved with these samples.
Theoretical cooling rates for spheres of several diameters were calculated using
a computer model dev+doped by Robinson (1983,  NASA /MSFC , personal co mmunicationi
nd a computer program named NEWSPH written by Robinson for the HP 9835 computer,
Phis program uses a solution to a differential equation containing radiative and con-
vective cooling terms. Materials properties for Al and Ni were obtained and values
for NiA13
 estimated from an ideal average of Ni and Al. Table 2 gives the values
used. Cooling curves were calculated for psheres of 0.5, 0.2, 0.;, 0.05, and 0.02
cm in diameter, falling in 760 Torr He, and are shown in Figure 16.
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Samples of several types were obtained (Fig. 17) including spheres, splats,
and a few needles. The needles were probably produced as the last liquid in the
crucible was expelled by the waekpressure in the crucible. All of the spherical
samples and the needles have rough dendritic surface featurei: see Figures 18 and
19. The splatted samples have more unusual surface features as illustrated in Figure
20.
Figure 21 is the published phase diagram [ 141 for the Al-Ni system. As can be
seen in this figure, for a liquid with a 75 percent composition of Ni, the first phase
to solidify is M 2A1 3. As the sample cools further, NiAl 3 forms from about 854°C to
about 6400C. The last liquid to solidify forms the eutectic mixture of Ni and NiA13.
Figure 22 it, a light micrograph of a small ingot of Al-Ni alloy with a nominal composi-
tion of NiA1 3 . The dark region is the Ni 2A1 3 phase. Surrounding this phase is
NiA1 3 , The speckled regions between these grc:as represent the eutectic mixture.
Most of the drop tube samples retrieved from the sample catcher were found to
be spherical in shape with rough dendritic surface features much like the 9 mm Cu
and 6 mm Ag said to be "containerlessly solidified" in space by Zemskov et al. 1151.
The SEM micrographs of Figure 18 are typical of the surface of the spherical samples.
One can see the dendritic surface characteristic of alloys rapidly solidified in free
fall. The primayr surface dendrite arm spacings range from about 5 um for the small
sphere (0.65 mm) to about 30 um for the larger sphere (1.7 mm). Figure 23 illus-
trates light micrographs of other drop tube-solidified samples. One can see that the
microstructure is very similar to that of the small ingot sample in Figure 22. There
are considerable regions of Ni 2A1 3 surrounded by the desired NiA1 3 phase. Again the
eutectic phase fills the remaining volume.
Light micrographs of samples quenched by various techniques are shown in
Figure 24. There is a large variation in the scale of the microstructural features.
This is also evident in Figure 23 which compares various containerlessly soddiDed
samples. In compariw)n, Figure 25 illustra'es the microstructure cf splatted samples.
Figure 26 is a plot of the Dendrite Arm Spacing (DAS) versus doling rate for
NiAI published by Brooks et al. (16). This data can be used to estimate the cooling
rate that were obtained with the drop tube-solidified samples. DAS was measured on
a number of lighi micrographs calibrated with a micrometer slide. For each sample,
a range of DAS values was obtained and an average value calculated. The results
are plotted as circles in Figure 26. The electromagnetic-levitated sample has an
average DAS of 10 to 40 um, indicating an effective cooling rate of about 10 to
30°C /s. In contrast, the rapidly solidified 0.22-mm-diameter needles have a P 48 of
about 1 to 2 u m with a respective cooling rate of over 20, 000°C /s.
DISCUSSION
In other drop tube solidification studies investigators have successfully under-
cooled Nb and NbGe alloys well below their melting points. Also, a glass forming alloy
of PdSiCu with a reduced glass temperature (Tg/Tm) of 0.64 has been solidified to
the amorphous state. Since drop tube containerless solidification has been a success-
ful technique for undercooling these alloys, the current work was undertaken to
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utilin this technique to investigate the formation of a new microstructure in Ni-Al
alloys. The original goals of the study was to undercool molten Ni-Al alloy (with
25% NO below the peritectic temperature so that a larger fraction of the NiA1 3
 phase	 r
might be formed.
Observation of large volume fractions of Ni 2A1 3
 in Figures 23 and 24 indicate
that we did not achieve any significa..A difference in the proportions of alloy com-
ponents with any of the various solidification processes. Most importantly, we did
not seem to form any more of the NiA1 3
 phase or any less of the Ni2A13. All micro-
structures indicate that the normal routes to solidification apply for all the container-
:**sly solidified samples. That is, crystallziation began at a temperature between the
poL.t on the liquidus 11000C and the peritectic temperature 8540C. The first phase
to solidify was Ni 2A1 3. As Ni 2M3grew in the liquid, the cocmpoE*'i n of the remain-
ing liquid followed the liquidus line on the phase diagram to the peritectic tempera-
ture. Below 8540
 to 6400C, NiA1 3
 is the thermodynamically stable phase that solidifies.
The presence and location of large proportions of Ni 2A1 3 substantiates that the sample
temperature was above the peritectic temperature when nucleation occurred.
Nucleation appears to have started at the surface. 'r'igure 27 shows a crops
section of a 0.65 mm sample. One can see the dendrite arms that grew through the
sample. Since crystallization releases latent hbat of fusion reheating the sample(increasing the DAS), one can assume that the most rapid solidification (smallest DAS)
occurs at the initial onset of nucleation. This corresponds areas with the finest
dendrite arm spacing. Tracing the dendrite arms, it appears that, in general, they
originated at the surface of the sample.
In undercooling studies of Al in molten NaOH, the maximum amount that Turnbull
and Chen (8) were able to undercool Al was less than 130 0C. Tney indicated that 	 _s
when the NaOH flux was not used, the most that Al could be udnercooled was about
400C. Turnbull and Chen speculated that Al oxide on th -3
 sample surface was
responsible for tho hcterogeneous nucleation of crystallziation preventing significant
undercooling.
More rer:enti. r , Rasmussen 11983, Clarkson Institute of Technology, personal
communication) has been able to extend the undercooling limit to about 150°C for an
Al-Si alloy. When compared with metals such as Ga, these undercooling values are a
small fraction of the absolute melting temperature. Examination of the free energy of
formation of metal oxides versus temperature (17) indicates that Al 2O 3
 is a very stable
oxide. The use of H as a reducing gas is of little use in breaking down the Al2O3
that has already formed. Since there was no way for the oxide to have beesi removed
from many of the samples, one can assume that Al 203was present in all of the drop
tube samples. Figure 28 stows what appears to be a portion of the original Al2O3
dross from the sample surface of one of the drop tube samples. Energy Dispersive
X-Ray Analysis (EDXA) shows that it is primarily Al oxide (Na, Si, S, and Cl are
artifacts of handling) (oxygen cannot be detected by EDXA).
Another unsuccessful set of experiments involved the drop tube solidification of
a Cu -Zr P'A'oy. It was postulated that if PdSiCu as plea could be undercooled to
amorpt. 1
 is alloys, then it should be possible to also form the amorphous Cu-Zr alloy.
A measure of the glass forming ability of an amorphous alloy is the reduced glass
temperature (glass transition temperature/liquidus temperature) . For the two alloys,
CuZr and PdSiCu, the reduced glass temperatui es are both 0.64 1181.  The unsuccess-
ful attempts to form amorphous Cu-Zr may also be due to the presence of surface
oxides such as ZrO (another very stable oxide). The fact that we did not solidify
appreciably more of the NiA1 3
 phase with the drop tube samples than we did with the
bulk casting or with the oil quenching indicates that we did not realize our desire to
significantly uudercool the samples in free fall. Drop tube containerless solidification
does not necessarily produce the desired results of large degrees of liquid under-
cooling. Surface reaction films left over from the original sample or produced during
the free fall solidification may act as effective heterogeneous nucleation catalysts.
CONCLUSIONS
A "dripper furnace" procedure has been developed which facilitates the forma-
tion and containerless solidification of small diameter metal alloy spheres utilizing the
MSFC drop tube facilities. The process overcomes sample size limitations inherent in
electromagnetic levitation and electron beam techniques. Sample diameters as small as
0.5 mm were produced by the process.
The production of NiA13
 alloy with predominately single phase NiAl 3 by under-
cooling the alloy NiA1 3 below the peritectic before solidification does not appear feas-
ible using the MSFC drop tube facility as presently configured. The results of this
containerless solidification study as well as those of previous studies using NaOH flux
and fine dispersions indicate that aluminum metal is prevented from undercooling more
than about 150°C below the liquidus by heterogeneous nucleation from Al 2O 3 on the
surface of the sample. While PdSiCu and Nb-Ge alloys, which have much less stable
oxides, have been undercooled to unprecedented levels for bulk samples using con-
tainerless drop tube solidification, samples of NiA1 3
 and Cu-Zr which have extremely
stable oxides under the same experimental consideration of oxidation /reduction proper-
ties of candidate drop tube specimens is imperative. More data on maximum under-
coolings for elemental materials in the drop tube would be helpful for planning
subsequent experiments.
Containerless solidification of NiAl 3
 in the drop tube resulted in samples from
less than 0.5 mm to several mm in diameter in spherical and sometimes needle form.
Cooling rates obtained in this study, determined from published dendrite arm spacing
data, ranged up to 20,300 0C/s. The containerlessly solidified samples exhibited a
number of interesting surface morphologies possibly unique to containerlessly pro-
cessed samples, some of which were similar to larger metal samples containerlessly
processed in space.
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TABLE 2. THERMODYNAMIC VALUES USED FOR SAMPLE
COOLING RATE CALCULATIONS
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Parameter Value
Initial Temperature 1723 K
Emissivity 0.1
Heat Capacity 0.28 Cal/g K
Heat of Fusion 80 Cal /g K
Liquid Density 4.2 g /cc
Gas Pressure (He) 760 Torr
Final Temperature 1173 K
Sample Diameters 0. 1, 0. 2, 0. 5,	 1,	 2,	 5 mm
CONTAINERLESS PROCESSING DROP TUBEBELL JARVIEW OPTICAL PYROMETERc,-r3PORT O
ACUUM VALVEBOMOLECULAR PUMPGROUND DETACHABLE 	 ROUGHING PUMPSAMPLE CATCH
Figure 1. Schematic representation of the MSFC 100-ft drop tube.
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Figure 2. Photograph of the vacuum hunih station and bell jar
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Figure 7. Photograph of the Johnson furnace as assembled.
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originate at the sample surface.
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